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I. INTRODUCTION
Recently, nanotechnology has been paid much attention for developing new types of devices in diverse fields, such as optics, 1 electronics, 2 fluidics, 3 and biochemistry. 4 Particularly, it plays a critical role in manipulating interfacial interactions of various functional molecules, for example, liquid crystals (LCs), 5 conducting polymers, 6 and biomolecules 7 at a molecular level or on a nanometer scale. A number of surface nanostructures have been constructed by taking either conventional top-down approaches such as a photolithography 8 and an e-beam lithography 9 or bottom-up approaches that include a soft lithography, 10 a stamping technique, 11 and a self-assembly method. [12] [13] [14] [15] [16] Among them, the selfassembly method is promising due to the merits of high throughput, large area, low cost, and high resolution. 13 However, it encounters with the problem of mechanical stability due to relatively weak adhesion of colloidal particles on a substrate. For instance, template-assisted self-assembling 14 and micro-contact printing 15 are known to be useful for producing regular patterns of colloidal particles but they suffer from low stability. Moreover, once the colloidal particles are assembled to form certain structures on the substrate, it is very difficult to modify the geometrical dimensions (width, length, and height) of the structures.
In this work, we present a simple and powerful method of constructing the surface nanotopography on a basis of the colloidal particles by thermal fixation. This colloidal particlebased approach together with thermal fixation provides the surface nanotopography with size-scalable nanostructures for controlling interfacial structural orders of the functional molecules in a variety of electro-optic devices. The experimental results for the structural changes of the particles by thermal treatment are in good agreement with the calculations in a simple model of the constant-volume. It is found that the LC alignment on the hemispherical nanostructures increases the symmetry of the electro-optic (EO) properties of the LC devices. Details of the colloidal particle-based surface topography, the LC cell fabrication, and the measurements are described in Sec. II. Experimental results for the thermal fixation and the structural changes of the particles are presented in Sec. III. In Sec. IV, the LC alignment and the symmetry of the EO properties of the LC cell are described. Some concluding remarks are made in the remaining section.
II. EXPERIMENTAL
The colloidal particles used in this study were polystyrene (PS) particles (1 lm in diameter, Duke Science Inc.) dispersed in water with a detergent (surfactant) which stabilizes the colloidal dispersion by preventing the particles from aggregation. For constructing pure PS nanostructures on a substrate, water with the surfactant should be replaced by deionized (DI) water prior to spin-coating of the colloidal particles on the substrate. After the colloid was centrifuged at 10 000 rpm for 10 min for precipitation of the particles, water with the surfactant was removed, DI water was then filled, and ultra-sonication was subsequently carried out for 10 min to acquire colloidal dispersion in DI water. The colloidal particles in DI water were spin-coated on an indiumtin-oxide (ITO) coated glass substrate at 3000 rpm for 30 s. The number density of the PS particles per area (mm 2 ) was determined using ImageJ program (National Institutes of Health). In order to examine the thermal fixation and the structural changes of the PS particles, the substrate coated with the colloidal PS particles was heated at 200 C above the glass transition temperature of the PS (about 93 C) 17 for several different duration times (from 1 to 240 min). The topographic changes of the PS particles were observed using an atomic force microscope (AFM, XE-100, Park System Co.) and a scanning electron microscope (SEM, S-4800, Hitach). The ITO glass substrate with surface nanostructures of the PS particles was used as one of two substrates of the LC cell. No surface nanostructures were formed on the other to investigate the symmetry of the EO properties associated with the surface nanotopography. Polyimide (PI) materials of AL00010 (Japan Synthetic Rubber Co.) and RN-1199A (Nissan Chemical Industries, Ltd.) were used for the homeotropic (HT) LC alignment and the homogeneous (HG) LC alignment, respectively. The alignment layers were produced on the substrates by spin-coating at 3000 rpm for 30 s and subsequently baked at 65 C for 120 min. Note that the baking temperature of the PIs was below the glass transition temperature of the PS so as to avoid any topographic change of the PS during baking. All the substrates with the alignment layers were rubbed unidirectionally to define the easy axis of the LC molecules for the uniform alignment. For the purpose of the observation of the microscopic molecular orientation on the surface nanostructures in two different LC configurations, we prepared two types of the LC cells where the rubbing directions on the top and bottom substrates were anti-parallel to each other in the HT LC cell while they were mutually perpendicular in the 90 twisted-nematic (TN) LC. The cell gap of each LC cell was maintained using spacers of beads. The HT LC cell and the TN LC cell were 7 lm and 4 lm thick, respectively. The nematic LCs, one with negative dielectric anisotropy (MJ961213, Merck Ltd.) for the HT LC cell and the other with positive dielectric anisotropy (ZLI-2293, Merck Ltd.) for the TN LC cell, were filled into the cells by capillary action. Microscopic textures of the LCs were observed with a polarizing optical microscope (Optiphot II-pol, Nikon). The EO properties of the LC cell were measured using a photodiode in conjunction with a digitizing oscilloscope (Wave Runner 6030, LeCroy). The dynamic response of the LC cell was measured using a square wave voltage of 4 V at 1 kHz. A light source was a He-Ne laser with the wavelength of 632.8 nm. A spatial photometer (EZ-contrast 160 R, ELDIM) was used to measure the iso-contrast map which represents the symmetry of the EO properties as well as the viewing angle characteristic of the LC cell. All the measurements were carried out at room temperature.
III. FIXATION AND STRUCTURAL CHANGE OF PARTICLES
The underlying concept of the surface nanotopography based on colloidal particles is depicted in Fig. 1(a) where the structural changes and the mechanical stability of the PS particles are achieved by thermal fixation. The PS particles are first dispersed in a random monolayer on a glass substrate by spin-coating and they undergo the structural transformation into hemispherical nanostructures under the thermal treatment as shown in Fig. 1(a) . Since the adhesion force increases with the contact area with the glass substrate, the spin-coated PS particles have very weak adhesion but the hemispherical PS nanostructures formed by thermal fixation have high mechanical stability. Figure 1(b) shows the experimental results for the detachment under ultra-sonication demonstrating the mechanical stability of the spin-coated PS particles and that of the hemispherical PS nanostructures formed by thermal fixation at 200 C for 120 min. The number density of the PS particles remained on the substrate was measured as a function of the ultra-sonication time. The insets in Fig. 1(b) show the contrast-enhanced images converted from the optical microscopic images using an image analysis program. Clearly, the spin-coated PS particles without thermal fixation were fully detached from the substrate in 1 min under ultra-sonication. However, the PS nanostructures formed by thermal fixation were mostly remained (more than 96%) on the substrate during ultra-sonication for 120 min in time we studied. This implies that thermal fixation of colloidal particles is a powerful tool of constructing the surface nanotopography with high mechanical stability.
Let us describe the size-scalability of the surface nanotopography based on the colloidal particles. In our case, such scalability can be achieved by simply varying the time of the thermal treatment for the structural changes of the PS particles. Figure 2(a) shows the SEM images demonstrating the structural changes of the PS particles by the thermal treatment at 200 C for 1 min and 60 min. Due to the softening 17 of the PS particles at 200 C, the height of the individual PS structure decreases while the contact area (or the width) increases with increasing the time of the thermal treatment. From the theoretical point of view, assuming that the volume of the PS particle remains constant, the physical dimensions (the height h and the lateral dimension d) of the PS structure produced by the thermal treatment can be estimated for given shape. In a simple spherical approximation (SA) within the constant-volume model as shown in Fig. 2(b) , the relationship between d and h is given by
where a denotes the original radius of the PS particle. Note that R represents the radius of a virtual sphere such that the volume of the spherical cap is equal to the original volume of the PS particle. Under the thermal treatment in time, the initial height h 0 ¼ 2 a will evolve as h 1 and h 2 as shown in Fig. 2(b) . For the PS particle with the radius of a ¼ 500 nm, both the measured values of h and the theoretical values (solid curve) of h, calculated from Eq. (1) with the help of the measured values of d, were shown as a function of the thermal treatment time in Fig. 2(c) . The experimental results are found to agree well with the SA in the constant-volume model at relatively short thermal treatment times. As the thermal treatment increases, the shape of the PS structure deviates from the spherical cap. The average height of the PS structures is in the range from 1 lm (the original diameter of the PS sphere) to 104 nm under the thermal treatment from 0 to 240 min. The surface nanotopography will be easily tailored using different colloidal particles for a variety of device applications of functional molecules including the LCs through the topographic control of interfacial structural orders.
IV. LC ALIGNMENT AND SYMMETRY OF EO PROPERTIES
We now examine how the surface nanotopography of the PS structures influences the LC alignment and the resultant EO properties of two types of the LC cells, one of which is the HT LC cell and the other the TN LC cell. Figures 3(a) and 3(b) show the LC alignment with the hemispherical symmetry on the surface nanostructure in the HT geometry and that with the partially uniaxial symmetry in the HG geometry, respectively. The surface pretilt generated during the rubbing process is typically a few degrees depending on the nature of the alignment layer. 18 Thus, the symmetry-breaking effect by the surface pretilt is relatively small compared to that by the surface nanostructures. A HT LC cell and a TN LC cell assembled with the bottom substrate with the surface nanostructures and the top substrate without them are depicted in Figs. 3(c) and 3(d) , respectively. Two rubbing directions are represented by R t (on the top surface) and R b (on the bottom surface). Under no applied voltage, the HT LC cell is in the normally dark state while the TN LC cell is in the normally white state under crossed polarizers. In the absence of an external field, the local alignment of the LC molecules in the HT cell possesses the nearly hemispherical symmetry with some directional order by the rubbing process while that in the TN cell has the uniaxial symmetry along the rubbing direction on the nanostructure surfaces. Macroscopically, this will be reflected in the symmetry of the EO properties of each LC cell.
In the two types of the LC cells, we studied the number density of the PS particles on the bottom substrate was about 2.46 Â 10 In the absence of an applied voltage, a completely dark state was obtained, meaning that the surface pretilt has no appreciable effect in the HT geometry. At 7 V, due to the negative dielectric anisotropy, the LC molecules were reoriented toward the substrate plane along the rubbing direction from the initial direction normal to the substrate, and a bright state was accordingly obtained. For the TN LC cell, the microscopic LC (ZLI-2293) textures at 0 and 7 V under crossed polarizers are shown in Figs. 4(c) and 4(d), respectively. Line defects observed in the TN LC cell are attributed to the mechanical scratches involved incidentally during the rubbing process and they would be avoided by changing the rubbing strength and/or the rubbing cloth. Under no applied voltage, the LC molecules were initially twisted in the TN configuration. In this case, due to the wave-guiding effect, the TN LC cell was in a bright state. At 7 V, the LC molecules were reoriented toward the direction normal to the substrate because of the positive dielectric anisotropy, and a dark state was produced. It may be noted that the EO properties of the two types of the LC cells (the HT and TN LC cells) are approximately reciprocal from the viewpoint of the LC distortions associated with the dielectric anisotropy. Figure 5(a) shows the normalized EO transmittance of the HT LC cell with the surface nanostructures together with that without the surface nanostructures as a function of the applied voltage. The dynamic response of the HT LC cell to a square wave voltage of 4 V at 1 kHz was shown in Fig. 5(b) . In the two HT LC cells, the EO transmittance was slightly different but the threshold voltage (about 2.5 V) remains nearly same. For the HT LC cell with no surface nanostructures, the rising and falling times were about 80 ms and 42 ms, respectively. They were much reduced to be about 67 ms and 18 ms for the HT LC cell with the surface nanostructures. Such difference between the two HT LCs results primarily from the energy cost associated with the elastic distortions of the hemispherical alignment of the LC molecules on and around the surface nanostructures. Figures 5(c) and 5(d) show the normalized EO transmittance and the dynamic response for the TN LC cells with and without the surface nanostructures, respectively. The threshold voltage (about 1.5 V) and the EO transmission were found to be essentially same in the two TN LC cells. The rising times for the TN LC cells with and without the surface nanostructures were about 6.8 ms and 1 ms, respectively. The falling times for the two TN cells were the same as 1 ms. The results for the two TN LC cells imply that the elastic distortions of the LC molecules on and around the surface nanostructures are much less profound in the HG geometry than in the HT geometry.
Another important issue is how the local LC alignment on the surface nanostructures affects the macroscopic EO properties such as the angular dependence of the EO transmission of the LC device from the symmetry viewpoint. Figures 6(a) and 6(b) show the iso-contrast characteristics of the HT LC cells with and without the surface nanostructures in color-coded representation, respectively. Each iso-contrast curve in Fig. 6 represents the contrast ratio which was measured as a function of the azimuthal angle with respect to the input polarization of light for given polar angle. 19 In fact, the viewing angle properties of the LC cell are determined from such iso-contrast map. The angular dependence of the isocontrast of the LC cell was measured at the applied voltage of 4 V for normal incidence. Because two rubbing axes were anti-parallel to each other in the HT geometry used in this study, the viewing angles along only two directions substantially enhanced by the surface nanostructures. However, due to the intrinsic asymmetry of the EO properties and the narrow viewing angle characteristics of the TN LC cell, the symmetry enhancement was relatively limited compared to the HT LC cell. The examples of the two LC cells described above demonstrate that the local LC alignment on the surface nanostructures alters significantly the resultant EO properties of the LC device on a macroscopic scale without disclinations and/or defects observed in typical protrusion structures. 
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V. CONCLUDING REMARKS
We developed a simple and powerful method of constructing the surface nanotopography with high mechanical stability based on thermal fixation of colloidal particles. The size-scalability and the mechanical stability of the surface nanostructures were easily achieved by simply controlling the thermal treatment time. It was found that the theoretical predictions made in a simple model of the constant-volume agree well with the observed structural changes of the surface nanostructures by the thermal treatment. With the help of the surface nanostructures, it was demonstrated that the local LC alignment can be systematically controlled to increase the symmetry of the macroscopic EO properties of the LC devices, for example, the viewing angle characteristics of the HT and TN LC cells. Our colloidal-based surface nanotopography allows a viable scheme of manipulating the interfacial structural orders of a variety of functional materials including the LCs, polymers, and supported membranes on a nanometer-to-micrometer scale. More specifically, it will be directly applicable for compartmentalizing lipid raft domains through topographic energy barriers 7 and for constructing diverse LC lens arrays with the high fill-factor by the surface structures. 22 
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